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Abstract

In populations exposed to heavy metals, there are few biomarkers that capture intermediate
exposure windows. We sought to determine the correlation between toenail metal concentrations
and prior 12 month work activity in welders with variable, metal-rich, welding fume exposures.
Forty-eight participants, recruited through a local union, provided 69 sets of toenail clippings.
Union-supplied and worker verified personal work histories were used to quantify hours welded
and respirator use. Toenail samples were digested and analyzed for lead (Pb), manganese (Mn),
cadmium (Cd), nickel (Ni) and arsenic (As) using ICP-MS. Spearman correlation coefficients
were used to examine the correlation between toenail metal concentrations. Using mixed models
to account for multiple participation times, we divided hours welded into three-month intervals
and examined how weld hours correlated with log-transformed toenail Pb, Mn, Cd, Ni and As
concentrations. Highest concentrations were found for Ni, followed by Mn, Pb and As, and Cd.
All of the metals were significantly correlated with one another (rho range=0.28-0.51), with the
exception of Ni and As (rho=0.20, p=0.17). Using mixed models adjusted for age, respirator use,
smoking status and BMI, we found that Mn was associated with weld hours 7-9 months prior to
clipping (p = 0.003), Pb was associated with weld hours 10-12 months prior to clipping (p=0.03)
and over the entire year (p=0.04). Cd was associated with weld hours 10-12 months prior to
clipping (p=0.05), and also with the previous year’s total hours welded (p=0.02). The association
between Ni and weld hours 7-9 months prior to clipping approached significance (p=0.06).
Toenail metal concentrations were not associated with the long-term exposure metric, years as a
welder. Results suggest Mn, Pb, and Cd may have particular windows of relevant exposure that
reflect work activity. In a population with variable exposure, toenails may serve as useful
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biomarkers for occupational metal fume exposures to Mn, Pb and Cd during distinct periods over
the year prior to sample collection.
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INTRODUCTION

Welders are exposed to heavy metals including lead (Pb), manganese (Mn), cadmium (Cd),
nickel (Ni) and arsenic (As) when molten metal from steel, electrodes or wires is volatized.
Small spherical particles (50-300 nm in diameter) contained in volatilized welding fume can
reach deep into the alveolar region of the lung and initiate health effects. () Additionally,
toxicological studies suggest that these small particles may bypass the blood brain barrier by
traveling through the olfactory nerves to brain areas, initiating a cascade of central nervous
system effects. @ Intermediate and long term weld fume exposures have been shown to
have cardiovascular, ®:4) pulmonary ©: ©) and neurological effects, (7-9) underscoring the
need for biomarkers of long-term exposure that can be used in risk assessment.

The choice of an appropriate biomarker is, in part, a reflection of the relationship between
exposure and biomarker and the exposure-time period that the biomarker reflects. For
example, a metal’s half-life may be relevant when exposures are intermittent, but should
exposure be constant, a steady state may be reached. In a study that examined the utility of
blood Mn measurements in welders working on the California Bay Bridge, the authors
found that blood Mn was associated with total air Mn in low and moderately exposed
workers with constant exposure, but not for those exposed to the highest Mn levels.(10)
Blood Pb has a half-life in blood of approximately 30 days, (- 12) and making it a poor
biomarker for intermediate exposure. For Cd the half-life is 12 years in urine 3) and 7-16
years in blood, 14 15) indicating that it better represents longer rather than intermediate
exposures. Choosing an appropriate biomarker requires careful consideration of multiple
factors related to both the biomarker as well as the exposure.

Toenail clippings collected from all ten toes are likely to reflect exposure integrated over the
previous 6-12 months, (16) due to a growth rate of approximately 1.6 mm/month (7) and an
average great toenail length of 20mm. (8) Given that nails are noninvasively and painlessly
collected, and easy to store and transport, nail metal concentration should be evaluated as a
potential biomarker of internal dose for both occupational and environmental exposures.
However, questions remain about what exposure window is captured by toenail samples,
what exposures it may reflect, the ability to discriminate between the toxicants found in
toenails and what external exposure measures are best for comparing to toenail metals.

Toenails have been evaluated as biomarkers in a variety of research settings, including
environmental (19-21) and occupational (22-26) exposures, posthumously, 27 28) and in
children. (29-31) Such studies have measured toenail metal concentrations of
methylmercury, (32.33) pp, (34.35) C(, (36, 37) Ag, (38-40) \n, (24, 41) Nj (20) and more. Mn
and Ni have been isolated in toenail samples from welders. (22 24) Cd and Pb were found in
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nail tissue samples in deceased copper smelter workers. (28) In Mortada et al., 42 Pb was
measured in toenail samples taken from police officers exposed to traffic pollution, which
were significantly associated with increased markers of nephrotoxicity. Higher Ni
concentrations have been found in the fingernails of welders 3) and other metal

workers. (25) A recent study in rats found that exposure to Mn in welding fumes was
correlated with manganese concentration in nails, as well as Mn accumulation in
dopaminergic brain areas, 44 indicating that toenail metal concentration may reflect
neurotoxicant deposition in the brain. Therefore it was reasonable to assume that Pb, Mn,
Cd, Ni and As would similarly be present in toenails of the welders in this study, but also
might be accumulating and affecting regions like the kidneys, lungs and brain.

Previously, Laohaudomchok et al. (24 explored the utility of toenails as a biomarker of Mn
exposure in a group of boilermaker welders, with variable exposures. Boilermakers are
welders trained to work on round vessels or pipes located within power plants. Such
maintenance and repair work is largely seasonal, with most welding being performed during
times of low energy need in the spring and fall months. Furthermore, union contracts can
vary from one day to one year, adding additional variability to metal fume exposures. The
high variability of occupational exposure for welders makes it an ideal population to explore
the time window of exposure for biomarkers, since constant exposure is rare. In their study,
Laohaudomchok et al. (24) used in-depth work history data to construct a cumulative
exposure index over a work shift and over a year Mn (CEI-Mn). CEI-Mn was calculated
using ambient air Mn concentration, type of welding performed, hours spent on each task,
percentage of time working with respirator, and the protection factor associated with that
respirator type. They found that after adjusting for age and dietary Mn, toenail Mn
concentration was significantly associated with CEI-Mn for 7-9, 10-12 and 7-12 months
prior to toenail clipping.

Recruiting from within the same base population of boilermakers, we sought to evaluate the
association between total hours welded and toenail Mn concentrations over similar time
periods as observed by Laohaudomchok et al. (4) Given a sample size of nearly 50
individuals, a detailed CEI-Mn could not be calculated, and as is common in occupational
studies, a simplified exposure metric was used. Building upon the findings of
Laohaudomchok et al. (24, we wanted to explore whether in addition to Mn, other toenail
metals (Cd, As, Pb and Ni) were also related to welding exposures in this population, and to
what extent the toenail metal concentrations correlated with one another. Specifically, we
wished to use welding hours to identify the relevant window of exposure that toenail
concentrations reflect. Given that the toenail clippings are easy to acquire, transport, store
and analyze they may serve as an ideal biomarker of intermediate term metal exposures.

METHODS

Study Population

Participants were recruited from members of a local boilermaker union located in Quincy,
MA. Participants included journeymen and apprentice welders enrolled in a two year
training program, as well as retired welders. Union members, including retirees, were
invited to participate in the study through letters sent by union leadership informing
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members of the study dates. In addition current and apprentice welders were recruited on
site. Recruitment occurred between January of 2010 and June of 2011 over four study site
visits, resulting in a total of 73 welders recruited. Only participants who provided complete
work history data, demographic data (age, height, weight, race, smoking status) and had
complete toenail metal concentrations for all five metals were included in this analysis,
totaling 48 welders. Welders were allowed to participate during each of the site visits.
Therefore, some participants contributed multiple samples: eleven subjects provided two
toenail samples over the 2010-2011 study period, and five participants provided three
samples.

Work history and questionnaire data

Union-maintained work histories preceding toenail collection by 12 months were used by
participants to reconstruct specific job activities and exposures. Specifically, participants
reviewed job descriptions from union records from the previous year, providing specifics on
respirator use, welding tasks performed, job dates, total hours welded, metal used and
location of work (indoor vs. outdoor, work site). Respirator use was reported as a percentage
of time during which a full, half or filterless mask was used for each job. These data were
used during analysis to construct month by month total hours welded and percentage of
hours used with a respirator for each participant over the preceding 12 months. This study
focused on weld hours as the primary exposure measure.

The 12 months prior to toenail collection were divided into quarters. Q1 represents the first
three months prior to toenail collection, Q2 represents the fourth to six months preceding
toenail collection, Q3 represents months seven through nine, and Q4 represents months 10—
12. Nail clippings are expected to represent exposure over the previous 6-12 months, (%)
thus reflecting longer term exposures than urine or blood, although individual toenail growth
rates may vary. Welding hours were tabulated in each quarter,

Study participants also completed self-administered lifestyle questionnaires that included
height, weight, smoking status, medical history, and number of years as a welder or
boilermaker.

Toenail metal collection and analysis

Study participants with adequate toenail growth clipped all 10 toenails at the study site, and
placed them in a small envelope. Participants without adequate toenail growth were given
pre-stamped addressed envelopes to be returned after the next toenail clipping, with the
indicated clip date. Most of the toenail samples (68.1%) were collected on the same day as
work history questionnaire completion. Subjects providing toenails from clippings 21 or
more days after questionnaire information collection were excluded. Sensitivity analyses
using main models were performed on only subjects with clipping lag times of one day or
less to confirm that longer lag times did not bias results.

Toenail samples were analyzed for concentrations of lead (Pb), manganese (Mn), cadmium
(Cd), nickel (Ni) and arsenic (As) at the Harvard School of Public Health Trace Metals
Laboratory, using a dynamic reaction cell-inductively coupled plasma mass spectrometer
(DRC-ICP-MS, Elan 6100, Perkin Elmer, Norwalk, CT). Quality control measures
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performed in the laboratory include analysis of initial calibration verification standards
(NIST SRM 1643d trace elements in water), continuous calibration standards, procedural
blanks, duplicate samples, spiked samples, quality control standards, and certified reference
material.

Toenail clippings from all ten toes were combined for each sample and analyzed as
previously described (38). Briefly, prior to ICP-MS, external contaminants were removed by
sonication using a 1% Triton X-100 solution (Sigma-Adrich, Inc. St. Louis, MO) for 20
minutes. Toenails were then rinsed repeatedly in Milli-Q water (Millipore Corp., Billlerica,
MA), dried, weighed and digested in nitric acid. Each subject sample underwent five
replicate analyses. The net averaged concentration for each metal was calculated by
subtracting detectable laboratory blank concentrations within each batch.

Statistical analysis

RESULTS

Toenail metal concentrations were not normally distributed so Spearman correlations were
used in metal concentration comparisons, and geometric mean calculated to describe overall
toenail concentration values. Nonparametric one way analysis of variance Kruskal-Wallis
tests were used on the weld hour summary data to compare across time intervals. We used
linear mixed models to estimate the associations between weld hours and toenail metal
concentrations due to the presence of multiple toenail measurements for some participants.
Toenail metal concentrations were skewed, so all toenail values used in models were log-
transformed. To determine whether there was a relationship between toenail metal
concentration and hours welded, we separately modeled the logarithm of each toenail metal
as a function of weld hours for each quarter, as well as across the entire year in a separate
model that encompassed all work history data for that sample. All models were adjusted for
BMI, age, respirator use and smoking status.

Percentage of hours welded while wearing a full or half-face respirator was combined into a
single variable, while use of a dust mask was considered equivalent to unprotected welding.
Percentage of time with a respirator was modeled as a continuous variable. A separate
sensitivity analysis used a logit-transformed percentage of respirator weld hours variable.
Participants with missing respirator data were assigned 0 for the respirator use variable in an
additional analysis, thus assuming maximum exposure to weld fume.

The study sample included 47 men and one woman. The average age at first participation in
the study was 39 years (standard deviation [SD] = 12.1). Additional participant
characteristics are shown in Table I. On average, the participants had 11.2 (8.6) years of
experience as a welder, and 8.6 (8.8) years as a boilermaker. This difference between these
numbers may be due to the fact that some of the participants may have entered the welding
apprentice program with prior welding experience. As expected, years as a boilermaker and
years as a welder were highly correlated in this population (p = 0.60, p<0.0001). Twelve out
of 69 (17.3%) toenail samples were missing respirator use data. Percentage of weld hours
performed with a respirator was not associated with age, nor was percentage of respirator
hours associated with number of hours welded across any of the time intervals.
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Work hours corresponding with each toenail sample and quarter were averaged across
participants (Table I1). Using non-parametric ANOVASs, we found that the distributions of
logged hours worked across each quarter were not the same (p = 0.04). This is likely due to
seasonal differences in work activity, as well as the timing of subject testing: work hours
were least in the period 10-12 months prior to subject testing, which is carried out in the
early summer and winter. This indicates that hours worked were less during November-
January, and April- June.

To determine whether long term exposure to metals correlated with shorter term exposure,
we ran regression models that compared years as a welder or boilermaker to average hours
worked over each of the four three-month intervals. There were no significant correlations
between years as a boilermaker or welder and average hours worked across any of the
quarters (data not shown). Overall, these results indicate that lifetime cumulative exposures
are not related to hours welded in the past year, minimizing the possibility of confounding
by years at work.

Toenail metal concentrations of lead (Pb), manganese (Mn), cadmium (Cd), nickel (Ni), and
arsenic (As) were taken from each participants’ first study visit and used to calculate
summary statistics (Table I11). Cd was found at the lowest concentration, with 4.3% of
samples falling below the limit of detection. Ni had the highest concentration in toenail
samples. When toenail metal concentration values from multiple visits were included, the
resulting geometric mean and other summary statistics remained similar (data not shown).

Correlating biological outcomes with specific metal exposure depends on the ability to
distinguish the concentrations of one metal from another. Using Spearman correlations, we
calculated the associations between each of the five metals (Table IV). We found that all the
metals were significantly correlated with one another, with the exception of Ni and As
which were not significantly associated with one another.

Using mixed effects models, we evaluated the association between weld hours and log
transformed toenail metal concentrations after adjusting for age, respirator use, smoking
status and BMI (Table V). Individual models were run for each metal and quarterly time
period as well as yearly time period (sum of Q1-Q4). No associations were seen with any of
the metals and the first two quarters (Q1-Q2, representing the most recent 0-6 months of
exposure). This is to be expected; nail samples included in the clippings were mostly likely
laid down much earlier than 0-6 months, given toenail growth rates.

Pb toenail concentration was associated with hours welded for the fourth quarter (10-12
months prior to toenail collection) and across the entire year (Table V), although this may be
due to the highly correlated relationship between Q1 and Q1-Q4 (rho = 0.495, p< 0.0001).
Toenail Mn concentration was only associated with weld hours for the third quarter (months
7-9). Cd concentration was significantly associated with weld hours during the fourth
quarter, and summed weld hours across the entire year. Toenail Ni concentration was
marginally associated with hours welded in the 4™ quarter (p = 0.06). As was not
significantly associated with weld hours over any time interval. Age and smoking were not
significant in any of the models. The association between BMI and toenail As was
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significant for Q2 (B = —0.0492, 95% CI = -0.0966, —0.00178, p = 0.0433), and approached
significance for Q1 and Q4. In these models, percentage of respirator weld hours was
associated with toenail metal concentration for Mn in the Q4 only (B = -0.1877, 95% CI:
-0.34, -0.04, p = 0.02), but not for any other metal/time interval model combination.

We ran an additional analysis that used percentage of respirator weld hours as an interaction
term with weld hours, in case the presence of a respirator changed the slope of the
association between weld hours and toenail metal concentration. None of the interaction
terms were significant and were therefore excluded from the final model. For the toenail
samples that lacked respirator information, we ran a series of models that assigned 0%
respirator use to overestimate weld fume exposure and thus bias results toward the null, and
saw no substantive changes in results (data not shown).

When subjects with greater than a 24 hour lag time between providing the work history
questionnaire data and toenail sample collection were excluded, Pb was no longer associated
with Q4, with all other results essentially unchanged (data not shown). Models were also run
that additionally adjusted for total years as a welder. The years as a welder term was not
statistically significant in all models, with negligible changes to the model parameters for
weld hours and other covariates and was therefore excluded from the final model.

DISCUSSION AND CONCLUSIONS

Among a population of construction workers occupational exposed to welding fume, we
observed detectable levels of lead (Pb), manganese (Mn), cadmium (Cd), nickel (Ni) and
arsenic (As) in toenail clippings. All toenail metal concentrations were significantly
correlated with one another, with the exception of Ni and As. After adjusting for age,
respirator use, smoking status and BMI, we found that weld hours 7-9 months prior to
toenail clipping was a statistically significant predictor of toenail Mn concentration. Weld
hours 10-12 months prior to toenail clipping as well as summed over the previous year were
statistically significant predictors of toenail Pb and Cd concentrations. No associations were
observed between toenail Ni or As concentrations and welding hours. Furthermore, long
term exposure, expressed as total yeas as a welder was not associated with toenail metal
concentrations.

Median Mn levels in toenails reported here are similar to those seen in an earlier study with
the same population (median of 0.80ug/g), 4 yet lower than toenail Mn measured in
Portuguese miners (mean [SD]: 2.51[0.70] pg/g). %) Higher toenail metal concentrations
were reported in a study from an industrialized area with high levels of environmental
exposures from air pollution and dust. (35 However, those results may have been skewed by
a small number of extremely high exposures, and were calculated using adults and children,
where children tend to have higher toenail metal concentrations than adults. (31:33) A non-
occupational study of elderly men in the Boston area measured toenail metal concentrations
much lower than the welders from current study (in participants under the age of 72: (mean
(SD) As: 0.08 (0.06); Cd: 0.01 (0.02); Mn: 0.3 (0.41); Pb: 0.28 (0.47)). ®7) While some of
these differences are due to age and other factors, the relative geographic similarity of that
population with ours suggests there would be similar background level of environmental
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exposure to these metals, indicating that some portion of the discrepancy is due to
occupational exposure to welding fumes.

Information on the relative levels of metal fume exposure among this population can be
gleaned from a study of welders taken from the same base population. Among a cohort
using similar welding techniques, personal PM5 5 exposure to welding fume was
predominately comprised of iron, followed by Mn, Al, Zn, Cr, Pb and Ni (Cd was not
identified (46)). If the metabolism and distribution throughout the body were equal for each
metal, we would expect the relative concentration of toenail metals to follow the relative air
metal concentrations. However, results indicate toenails were highest in Ni, followed by Mn,
Pb, As, and Cd. The dominance of Mn in air 46) and Ni in toenails within the current study
is of interest.

We cannot rule out the possibility that this difference was seen because the welders in the
current population were predominantly exposed to Ni, not Mn. However, it is unlikely that
the metal exposure profile of the welders in the current study varies greatly from the
Cavallari study from 2008, given that no large scale changes have occurred in welding
techniques, job locations or source materials. More likely, the deposition of metal in toenail
in our study participants, as in other toenail studies, is a complex interaction between weld
fume exposure, rate of nail growth, age”), kinetic models for peripheral tissues (16) and
how the body regulates and excretes essential nutrient metals like Mn(4 or selenium,“8)
and non-essential metals like As. The availability of metal ions to bind with sulfhydryl nails
will in part depend on the metal concentration in the blood, so blood half-lives of different
metals may also factor into toenail metal concentrations. For example, the half-life of Pb in
blood is 30-36 days, 9 which is much longer than arsenic, with a half-life of 10-24

hours. ®0) In addition, the ionic structure of each metal may impact absorption; studies have
shown that Pb may be substituted for calcium in the body, 1 52) and be more likely to be
incorporated into tissue. Uptake of different metals may be further enhanced by nutritional
deficiencies, (53 54) or by individual genotypes. (5 56)

We saw high correlations between toenail metals measured during each participant’s first
participation date. The highest correlation was between Mn and Cd (p = 0.60, p <0.001).
Significant correlations were found between all metals, with the exception of Ni and As, and
with the Cd-Ni relationship being just slightly over the significance threshold. In personal
PM,, 5 air exposure measured within a similar population of welders performing training at
an apprentice welding school, (48) the correlation between Pb and Mn was 0.63, whereas
toenail correlation for these metals was 0.31. Similarly, the relationship between toenail Pb
and Ni was 0.34, whereas air exposure showed a correlation of 0.49. These changes in
correlations between the air and internal dose are likely due in part to the different
accumulation patterns of these metals, as previously discussed. Notably, the correlation
between personal exposures to air metal concentrations in other environments among these
participants, such as power plants where these welders primarily work, is unknown.

To date, only one occupational study among carpenters found similar correlations between
toenail Pb and Cd and Ni. (23 In the study of Boston-area elderly men previously cited, most
correlations between metals were similar with the exception of Mn-Pb and Mn-As which
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showed higher correlations in our study. (37) Correlational similarities may be due to the way
that these metals are co-regulated in the body regardless of absolute concentration values,
and reflect similar geographical environmental exposures. It is unclear whether higher
welder correlations are due only to occupational exposure to welding fume, and in general
the extent to which correlations seen in one occupational setting will be comparable to
another occupational study or to an environmental exposure. Regardless of the study type
however, such correlations imply that it may be difficult to disentangle one exposure from
another, making it difficult to assign health outcomes to specific metals.

In models of toenail metal concentration and hours welded with adjustments for age, BMI,
respirator use and smoking status, Mn and Pb showed the most robust associations.
Specifically, Pb was significantly associated with hours welded in Q4 and the full year
summary, Q1-Q4. However the high correlation between Q1 and Q1-Q4 for Pb, makes it
difficult to disentangle the true relationship. Hours welded over Q3 were significantly
associated with Cd toenail concentration. Total years as a welder was not significantly
associated with toenail concentration for any metal or time period, indicating that toenail
metals in this group better reflected exposures occurring over the previous year, as opposed
to cumulative exposures over many years.

Mn was associated with hours welded over a three month period with a lag of 7-9 months
prior to clipping, which replicates previous findings in this group. (4) Lachaudomchok et al.
used a detailed algorithm that included respirator type and use, welding task performed, and
air Mn concentration in models that adjusted for dietary Mn intake. Therefore, it is of note
that the association between toenail Mn and the exposure measure persisted despite using
weld hours, a simplified measure of exposure. Using this simplified exposure metric allowed
us to expand the sample size of the population. Furthermore, assumptions about exposure
levels specific to different welding techniques and situations were not used. Despite
potential exposure misclassification by using a simplified exposure metric, we were still able
to observe significant exposure-response associations. Furthermore, our techniques
remained sensitive to identifying associations with quarterly exposures across the yearly
exposure window.

No associations were seen with any of the metals analyzed and the more recent work history
windows, Q1 and Q2. This was to be expected, given that rates of toenail growth indicate
that exposures occurring 0-6 months prior to clipping would be closer to the nail bed, and
thus not incorporated into the clipping. However, we feel that these results serve as an
important control. If the relationships between toenail metal concentrations and weld hours
were spurious, we would have seen associations in these incongruent time windows (Q1
and/or Q2). Likewise, if within this population metal exposures were constant or invariant
from occupational or environmental sources (e.g. water, smoking, etc.), the body metal
burden would reach a steady state and associations of similar magnitudes would have been
observed across all time windows (Q1-Q4).

There are a number of limitations associated with using toenail metal concentration as a
biomarker of weld fume exposure. Toenail growth rate is variable across individuals, and
studies have identified average growth rates to be between 1.5-1.6 mm/month. 7. 57) These
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values suggest that toenail concentrations should reflect exposures 8-10 months prior to the
clip date based on average toenail growth rates and lengths. (8) A recent study found
slightly faster growth rates of 2.43 mm/month in the largest toenail in men approximately
the same average age as the population described, (A7) indicating that toenail clipping reflect
exposures more recent than 8-12 months. However, any variation in toenail growth or
clipping length would not be correlated with hours welded and therefore would not affect
the internal validity of the study results. It is also important to note that each of the metals
included in this study has different accumulation patterns in the body which occurs over
different timescales. For example, Cd tends to accumulate in the kidney cortex and bone (58)
while Pb will remain in blood by binding to erythrocytes, and also accumulate in bone and
teeth preferentially. 34 Therefore, in comparing concentrations between metals, lower
toenail concentrations of a certain metal may not necessarily mean lower occupational or
environmental exposure, but rather could be a reflection of differences in distribution within
the body.

Additionally, non-differential exposure misclassification of the crude exposure measure
welding hours may have limited the ability to detect associations with the metals that
showed no relationship between weld hours and toenail metal concentration and may have
biased significant effect estimates towards the null. Furthermore, we didn’t account for
dietary sources of Mn and other metals, but these sources are unlikely to be correlated with
working patterns and workplace exposure histories. In a previous toenail study on the same
population, estimated dietary Mn intake was not correlated with toenail, blood, or urine Mn
levels. (24 Since dietary sources of exposure are unlikely to be linked to welding hours, any
exposure misclassification due to dietary sources would be non-differential, would bias
estimates to the null and would not explain the associations we observed. Welders may also
be exposed when on the job site but not actively welding. Likewise, we did not account for
type of welding performed or location of work site (indoor vs. outdoor). Both would lead to
exposure misclassification. Finally, weld type- a variable not considered here- could account
for relatively low levels of Ni and Cd if stainless steel welding was less common than mild
steel welding and soldering, which produce relatively higher levels of Mn and Pb.

The validation of a biomarker is an iterative process including evaluation of the relationship
between exposure, biomarker concentrations, and health outcomes. (45 The current study
sheds light on the relevant exposure time-period for toenail metals. Using weld hours as a
surrogate measure for metal exposure, we were able to assess associations between specific
time periods of exposure to weld fume and toenail metal concentrations. Our ability to detect
association is in large part due to the variability of exposure within the population. Rather
than reaching a steady state, exposure varied within and across months for each individual.
Future studies in other metal exposed populations should continue to explore the relevant
exposure windows for toenail metal concentrations as well as intra- and inter-individual
variability. Overall, the data presented here support the hypothesis that toenail metal
concentrations capture internal exposure over specific time intervals and reflect longer-term
exposure. Toenail samples are painless during collection, and are easy to store and transport
and therefore have great potential for use in occupational and environmental risk assessment
and exposure studies.

J Occup Environ Hyg. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Grashow et al.

Page 11

ACKNOWLEDGEMENTS

Th

e authors thank the staff and members of the International Brotherhood of Boilermakers, Local No. 29, Quincy,

MA. This research was supported by NIEHS research grant ES009860, NIEHS center grant ES00002, NIEHS

tra
(A

ining grant T32 ES7069, the Flight Attendants Medical Research Institute, and the American Heart Association
HA). Additional support was provided by CPWR through NIOSH cooperative agreement OH009762. Its

contents are solely the responsibility of the authors and do not necessarily represent the official views of CPWR,
AHA, NIH or NIOSH.

REFERENCES

1.

10

11.

12.

13.

Zimmer AT. The influence of metallurgy on the formation of welding aerosols. J Environ Monit.
2002; 4(5):628-632. [PubMed: 12400906]

. Doty RL. The olfactory vector hypothesis of neurodegenerative disease: is it viable? Ann Neurol.

2008; 63(1):7-15. [PubMed: 18232016]

.Jiang Y, Zheng W. Cardiovascular toxicities upon manganese exposure. Cardiovasc Toxicol. 2005;

5(4):345-354. [PubMed: 16382172]

. Barrington WW, Angle CR, Willcockson NK, Padula MA, Korn T. Autonomic function in

manganese alloy workers. Environ Res. 1998; 78(1):50-58. [PubMed: 9630445]

. Christensen SW, Bonde JP, Omland O. A prospective study of decline in lung function in relation to

welding emissions. J Occup Med Toxicol. 2008; 3:6. [PubMed: 18302754]

. Rushton L. Occupational causes of chronic obstructive pulmonary disease. Rev Environ Health.

2007; 22(3):195-212. [PubMed: 18078004]

. Chang Y, Woo ST, Lee JJ, Song HJ, Lee HJ, Yoo DS, et al. Neurochemical changes in welders

revealed by proton magnetic resonance spectroscopy. NeuroToxicology. 2009; 30(6):950-957.
[PubMed: 19631686]

. Gobba F. Olfactory toxicity: long-term effects of occupational exposures. Int Arch Occup Environ

Health. 2006; 79(4):322-331. [PubMed: 16435153]

. Yuan H, He S, He M, Niu Q, Wang L, Wang S. A comprehensive study on neurobehavior,

neurotransmitters and lymphocyte subsets alteration of Chinese manganese welding workers. Life
Sci. 2006; 78(12):1324-1328. [PubMed: 16243361]

. Smith D, Gwiazda R, Bowler R, Roels H, Park R, Taicher C, et al. Biomarkers of Mn exposure in
humans. Am J Ind Med. 2007; 50(11):801-811. [PubMed: 17924418]

Todd AC, Wetmur JG, Moline JM, Godbold JH, Levin SM, Landrigan PJ. Unraveling the chronic
toxicity of lead: an essential priority for environmental health. Environ Health Perspect. 1996;
104(Suppl 1):141-146. [PubMed: 8722118]

Moore PV. Lead toxicity--by the Agency for Toxic Substances and Disease Registry. AAOHN J.
1995; 43(8):428-438. quiz 439-440. [PubMed: 7626152]

Amzal B, Julin B, Vahter M, Wolk A, Johanson G, Akesson A. Population toxicokinetic modeling
of cadmium for health risk assessment. Environ Health Perspect. 2009; 117(8):1293-1301.
[PubMed: 19672411]

14. Jarup L, Rogenfelt A, Elinder CG, Nogawa K, Kjellstrom T. Biological half-time of cadmium in

15.

16.

17.

the blood of workers after cessation of exposure. Scand J Work Environ Health. 1983; 9(4):327-
331. [PubMed: 6635611]

Godt J, Scheidig F, Grosse-Siestrup C, Esche V, Brandenburg P, Reich A, et al. The toxicity of
cadmium and resulting hazards for human health. J Occup Med Toxicol. 2006; 1:22. [PubMed:
16961932]

Longnecker MP, Stampfer MJ, Morris JS, Spate V, Baskett C, Mason M, et al. A 1-y trial of the
effect of high-selenium bread on selenium concentrations in blood and toenails. Am J Clin Nutr.
1993; 57(3):408-413. [PubMed: 8438776]

Yaemsiri S, Hou N, Slining MM, He K. Growth rate of human fingernails and toenails in healthy
American young adults. J Eur Acad Dermatol Venereol. 2010; 24(4):420-423. [PubMed:
19744178]

J Occup Environ Hyg. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Grashow et al.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Page 12

McCarthy DJ. Anatomic considerations of the human nail. Clin Podiatr Med Surg. 2004; 21(4):
477-491. , v. [PubMed: 15450892]

Nowak B, Chmielnicka J. Relationship of lead and cadmium to essential elements in hair, teeth,
and nails of environmentally exposed people. Ecotoxicol Environ Saf. 2000; 46(3):265-274.
[PubMed: 10903823]

Johnson N, Shelton BJ, Hopenhayn C, Tucker TT, Unrine JM, Huang B, et al. Concentrations of
arsenic, chromium, and nickel in toenail samples from Appalachian Kentucky residents. J Environ
Pathol Toxicol Oncol. 2011; 30(3):213-223. [PubMed: 22126614]

Gruber JF, Karagas MR, Gilbert-Diamond D, Bagley PJ, Zens MS, Sayarath V, et al. Associations
between toenail arsenic concentration and dietary factors in a New Hampshire population. Nutr J.
2012; 11:45. [PubMed: 22747713]

Kucera J, Bencko V, Papayova A, Saligova D, Tejral J, Borska L. Monitoring of occupational
exposure in manufacturing of stainless steel constructions. Part I: Chromium, iron, manganese,
molybdenum, nickel and vanadium in the workplace air of stainless steel welders. Cent Eur J
Public Health. 2001; 9(4):171-175. [PubMed: 11787242]

Cheng T, Morris J, Koirtyohann S, Spate V, Baskett C. Study of the correlation of trace elements
in carpenters' toenails. Journal of Radioanalytical and Nuclear Chemistry. 1995; 195(1):31-42.
Laohaudomchok W, Lin X, Herrick RF, Fang SC, Cavallari JM, Christiani DC, et al. Toenail,
blood and urine as biomarkers of exposure to manganese. In preparation. 2010

Rivolta G, Nicoli E, Ferretti G, Tomasini M. Hard metal lung disorders: analysis of a group of
exposed workers. Sci Total Environ. 1994; 150(1-3):161-165. [PubMed: 7939591]

Coelho P, Costa S, Silva S, Walter A, Ranville J, Sousa AC, et al. Metal(loid) levels in biological
matrices from human populations exposed to mining contamination--Panasqueira Mine (Portugal).
J Toxicol Environ Health A. 2012; 75(13-15):893-908. [PubMed: 22788375]

Lech T. Exhumation examination to confirm suspicion of fatal lead poisoning. Forensic Sci Int.
2006; 158(2-3):219-223. [PubMed: 15978761]

Gerhardsson L, Englyst V, Lundstrom NG, Nordberg G, Sandberg S, Steinvall F. Lead in tissues of
deceased lead smelter workers. J Trace Elem Med Biol. 1995; 9(3):136-143. [PubMed: 8605601]

Oyoo-Okoth E, Admiraal W, Osano O, Ngure V, Kraak MH, Omutange ES. Monitoring exposure
to heavy metals among children in Lake Victoria, Kenya: environmental and fish matrix.
Ecotoxicol Environ Saf. 2010; 73(7):1797-1803. [PubMed: 20705339]

Pearce DC, Dowling K, Gerson AR, Sim MR, Sutton SR, Newville M, et al. Arsenic
microdistribution and speciation in toenail clippings of children living in a historic gold mining
area. Sci Total Environ. 2010; 408(12):2590-2599. [PubMed: 20067849]

Wilhelm M, Lombeck I, Ohnesorge FK. Cadmium, copper, lead and zinc concentrations in hair
and toenails of young children and family members: a follow-up study. Sci Total Environ. 1994;
141(1-3):275-280. [PubMed: 8178122]

Mozaffarian D, Shi P, Morris JS, Grandjean P, Siscovick DS, Spiegelman D, et al. Mercury
exposure and risk of hypertension in US men and women in 2 prospective cohorts. Hypertension.
2012; 60(3):645-652. [PubMed: 22868395]

Wickre JB, Folt CL, Sturup S, Karagas MR. Environmental exposure and fingernail analysis of
arsenic and mercury in children and adults in a Nicaraguan gold mining community. Arch Environ
Health. 2004; 59(8):400-409. [PubMed: 16268116]

Barbosa F Jr. Tanus-Santos JE, Gerlach RF, Parsons PJ. A critical review of biomarkers used for
monitoring human exposure to lead: advantages, limitations, and future needs. Environ Health
Perspect. 2005; 113(12):1669-1674. [PubMed: 16330345]

Slotnick MJ, Nriagu JO, Johnson MM, Linder AM, Savoie KL, Jamil HJ, et al. Profiles of trace
elements in toenails of Arab-Americans in the Detroit area, Michigan. Biol Trace Elem Res. 2005;
107(2):113-126. [PubMed: 16217136]

Lemos VA, de Carvalho AL. Determination of cadmium and lead in human biological samples by
spectrometric techniques: a review. Environ Monit Assess. 2010; 171(1-4):255-265. [PubMed:
20033280]

J Occup Environ Hyg. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Grashow et al.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Page 13

Mordukhovich I, Wright RO, Hu H, Amarasiriwardena C, Baccarelli A, Litonjua A, et al.
Associations of toenail arsenic, cadmium, mercury, manganese, and lead with blood pressure in
the normative aging study. Environ Health Perspect. 2012; 120(1):98-104. [PubMed: 21878420]

Kile ML, Houseman EA, Breton CV, Quamruzzaman Q, Rahman M, Mahiuddin G, et al.
Association between total ingested arsenic and toenail arsenic concentrations. J Environ Sci Health
A Tox Hazard Subst Environ Eng. 2007; 42(12):1827-1834. [PubMed: 17952783]

Kile ML, Houseman EA, Rodrigues E, Smith TJ, Quamruzzaman Q, Rahman M, et al. Toenail
arsenic concentrations, GSTT1 gene polymorphisms, and arsenic exposure from drinking water.
Cancer Epidemiol Biomarkers Prev. 2005; 14(10):2419-2426. [PubMed: 16214926]

Karagas MR, Le CX, Morris S, Blum J, Lu X, Spate V, et al. Markers of low level arsenic
exposure for evaluating human cancer risks in a US population. Int J Occup Med Environ Health.
2001; 14(2):171-175. [PubMed: 11548067]

Wongwit W, Kaewkungwal J, Chantachum Y, Visesmanee V. Comparison of biological specimens
for manganese determination among highly exposed welders. Southeast Asian J Trop Med Public
Health. 2004; 35(3):764-769. [PubMed: 15689101]

Mortada WI, Sobh MA, El-Defrawy MM, Farahat SE. Study of lead exposure from automobile
exhaust as a risk for nephrotoxicity among traffic policemen. Am J Nephrol. 2001; 21(4):274-279.
[PubMed: 11509798]

Peters K, Gammelgaard B, Menne T. Nickel concentrations in fingernails as a measure of
occupational exposure to nickel. Contact Dermatitis. 1991; 25(4):237-241. [PubMed: 1799987]

Sriram K, Lin GX, Jefferson AM, Roberts JR, Andrews RN, Kashon ML, et al. Manganese
accumulation in nail clippings as a biomarker of welding fume exposure and neurotoxicity.
Toxicology. 2012; 291(1-3):73-82. [PubMed: 22085607]

Slotnick MJ, Nriagu JO. Validity of human nails as a biomarker of arsenic and selenium exposure:
A review. Environ Res. 2006; 102(1):125-139. [PubMed: 16442520]

Cavallari JM, Eisen EA, Fang SC, Schwartz J, Hauser R, Herrick RF, et al. PM2.5 metal exposures
and nocturnal heart rate variability: a panel study of boilermaker construction workers. Environ
Health. 2008; 7:36. [PubMed: 18613971]

Garland M, Morris JS, Rosner BA, Stampfer MJ, Spate VL, Baskett CJ, et al. Toenail trace
element levels as biomarkers: reproducibility over a 6-year period. Cancer Epidemiol Biomarkers
Prev. 1993; 2(5):493-497. [PubMed: 8220096]

Noisel N, Bouchard M, Carrier G. Disposition kinetics of selenium in healthy volunteers following
therapeutic shampoo treatment. Environ Toxicol Pharmacol. 2010; 29(3):252-259. [PubMed:
21787610]

Rabinowitz MB, Wetherill GW, Kopple JD. Kinetic analysis of lead metabolism in healthy
humans. J Clin Invest. 1976; 58(2):260-270. [PubMed: 783195]

Griffin RM. Biological monitoring for heavy metals: practical concerns. J Occup Med. 1986;
28(8):615-618. [PubMed: 3746481]

Lidsky TI, Schneider JS. Lead neurotoxicity in children: basic mechanisms and clinical correlates.
Brain. 2003; 126(Pt 1):5-19. [PubMed: 12477693]

Goldstein GW. Evidence that lead acts as a calcium substitute in second messenger metabolism.
NeuroToxicology. 1993; 14(2-3):97-101. [PubMed: 8247416]

Smith EA, Newland P, Bestwick KG, Ahmed N. Increased whole blood manganese concentrations
observed in children with iron deficiency anaemia. J Trace Elem Med Biol. 2013; 27(1):65-69.
[PubMed: 22940083]

Rahman MA, Rahman B, Ahmad MS, Blann A, Ahmed N. Blood and hair lead in children with
different extents of iron deficiency in Karachi. Environ Res. 2012; 118:94-100. [PubMed:
22917764]

Pawlas N, Broberg K, Olewinska E, Prokopowicz A, Skerfving S, Pawlas K. Modification by the
genes ALAD and VDR of lead-induced cognitive effects in children. NeuroToxicology. 2012;
33(1):37-43. [PubMed: 22101007]

Claus Henn B, Kim J, Wessling-Resnick M, Tellez-Rojo MM, Jayawardene I, Ettinger AS, et al.
Associations of iron metabolism genes with blood manganese levels: a population-based study
with validation data from animal models. Environ Health. 2011; 10:97. [PubMed: 22074419]

J Occup Environ Hyg. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Grashow et al.

Page 14
57. Edwards L, Schott R. The daily growth rate of toenails. Ohio J. Sci. 1937; 37:91-98.

58. Vahter M, Akesson A, Liden C, Ceccatelli S, Berglund M. Gender differences in the disposition
and toxicity of metals. Environ Res. 2007; 104(1):85-95. [PubMed: 16996054]

J Occup Environ Hyg. Author manuscript; available in PMC 2015 June 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Grashow et al.

TABLE |

Participant (n = 48) demographics and characteristics.

Characteristic Mean | SD
Age at first participation 39.0 12.1
Body Mass Index (BMI) 27.9 4.7
Years as a boilermaker 8.6 8.8
Years as a welder 11.2 8.6
Respirator use over full year (%) | 40.2 31.2
n %
White 39 81
Current smokers 18 38
Male 47 98

J Occup Environ Hyg. Author manuscript; available in PMC 2015 June 01.

Page 15



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Grashow et al.

Hours worked prior to toenail clipping. Data include multiple samples for some participants (n=69

observations, n= 48 participants).

Time period Median GM GSD IQR
1-3 months (Q1) 90.0 91.0 31 1720
3-6 months (Q2) 38.0 57.8 4.0 142.0
6-9 months (Q3) 38.4 67.1 4.4 110.8
9-12 months (Q4) 3.6 400 53 600
1-12 months 279.3 256.1 2.7 4244

GM, geometric mean; GSD, geometric standard deviation; IQR, interquartile range
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TABLE IV

Page 18

Spearman correlations (p) and statistical significance (p) between toenail metals at first participation (n = 48)

Metal Mn Cd Ni As
Pb p=032 | p=051 | p=0.34 | p=0.49
p=0.03 | p<0.001 | p=0.02 | p< 0.001
Mn p=060 | p=031 | p=0.37
p<0.001 | p=003 | p=0.01
Cd p=028 | p=0.37
p=005| p=001
Ni p=0.20
p=0.17
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